Abstract: CMOS compatible mid-Infrared (mid-IR) microphotonics including (1) broadband SOUP (Silicon on Oxide Undercladding Pedestal) waveguides; and (2) mid-IR transparent chalcogenide glass (ChGs) waveguides monolithically integrated with a PbTe thin film photodetector; are demonstrated. Using a pedestal undercladding geometry we obtain an optical loss for our Si waveguide which is 10 dB/cm lower compared to other waveguides using planar SiO 2 cladding at λ = 5 µm, and a fundamental mode is seen over a broad mid-IR spectral range. To realize a fully integrated mid-IR on-chip system, in parallel, we develop PbTe thin film detectors that can be deposited on various mid-IR platforms through a thermal evaporation technique, offering high photoresponsivity of 25 V/W from λ = 1 µm to 4 µm. The detector can be efficiently integrated, using a suitable spacer, to an underlying Chalcogenide glass (ChGs) waveguide. Our results of low loss waveguides and integrated thin film detectors enable Si-CMOS microphotonics for mid-IR applications.
Introduction
Mid-IR microphotonics has attracted significant attention because of its application in biochemical detection and toxic gas/liquid monitoring [1] [2] [3] [4] [5] . Among the variety of available mid-IR materials, the silicon platform is considered favorably because of its CMOS compatibility, robust mechanical/chemical properties and broad mid-IR transparency up to λ = 8 µm [6] [7] [8] [9] . Current silicon microphotonic devices are developed on a silicon-on-insulator (SOI) platform that has crystalline silicon waveguides with a silicon dioxide under-cladding. Although SOI technology has been instrumental in advancing near infrared (NIR) integrated photonics, adopting the same platform for planar mid-IR devices remains a challenge because the optical loss of silicon dioxide sharply increases beyond λ of 3.6 µm [10] [11] [12] . Thus, it becomes impractical to utilize NIR SOI microphotonics for on-chip chemical sensing (fingerprinting spectrometry) of some double-bond functional groups such as C = O, C = N and C = C, that have vibrational absorption between λ = 5 µm and λ = 8 µm [13, 14] . To extend the feasibility of silicon based planar devices beyond λ = 3.6 µm several approaches have been investigated [15] [16] [17] . For instance, a platform using crystalline silicon on porous silicon (SiPSi) was proposed for mid-IR devices, where the waveguide cladding is a porous silicon layer created by high-energy proton beam irradiation followed by electrochemical etching [18, 19] . Even though the porous under-cladding has a lower refractive index, scattering loss and material damage from high energy irradiation has not been adequately investigated. Another option is a silicon-on-sapphire (SOS) platform where the mid-IR opaque silicon dioxide in SOI devices is replaced by sapphire which has a broader transmission up to 4.5 µm [20, 21] . Nevertheless, to utilize the full transparency window of crystalline Si (up to λ = 8 µm) a new device design is required [22, 23] .
To solve the problem of optical loss caused by the oxide cladding, we illustrate a novel structure: that of a mid-IR silicon waveguide supported by a carefully engineered oxide pedestal as the under-cladding. We will refer to it as our SOUP (Silicon on Oxide Undercladding Pedestal) waveguide. The performance of the proposed SOUP waveguide is designed and optimized using Finite Difference Method (FDM). The mid-IR response, including optical loss and effective refractive indices, are investigated as wavelength is scanned from λ = 2 µm to λ = 8 µm. From the simulation, we demonstrate that optical loss can be decreased considerably when the under-cladding is modified into a pedestal. In addition, the desired structure can be generated through an isotropic undercut process so the entire fabrication is CMOS-compatible and amenable to large-scale manufacturing. Our scanning electron microscope (SEM) image confirms that the structure of the silicon waveguide and underlying oxide pedestal were well maintained throughout the processing sequence. Clearly resolved waveguide modes indicate that these SOUP structures are promising waveguiding components for integrated mid-IR microphotonics.
In addition to these low-loss mid-IR SOUP waveguides, we need on-chip detection of transmitted mid-IR light. Typically, HgCdTe and III-V compounds such as InAs and InSb are used for mid-IR detection and spectroscopy applications. However, these are obtained by growth techniques such as metal organic chemical vapor deposition (MOCVD) or Molecular Beam Epitaxy (MBE) which are not only high in cost, but are incompatible with silicon monolithic integration [24] . Lead salts or lead chalcogenides such as PbTe, PbSe, and PbS form another set of materials suitable for this wavelength range, and mid-IR detectors based on crystalline PbSe and PbS are already commercially available [25] . Additionally, PbTe is a promising candidate for integrated low cost and robust IR detection technology due to its superior chemical stability and the ease of deposition [26, 27] . Single crystal PbTe has been studied for the fabrication of on-chip IR photodetectors and long wavelength laser devices [28] . Epitaxial PbTe detectors integrated with mid-IR filters have demonstrated enhanced photoresponsivity at room temperature while high detectivity has also been obtained with polycrystalline PbTe films [29, 30] . Polycrystalline PbTe is relatively easy to deposit on many kinds of substrates using low-cost thermal evaporation techniques at room temperature. We demonstrate on-chip patterning of thin film polycrystalline PbTe photoconductors by using a negative resist lift-off photolithography process. Finally, we show that alloying PbTe with tin telluride (SnTe) to form Pb x Sn 1-x Te offers the ability to tune the optical band gap of the material and extend detection capabilities to the 6-12 µm regime. Figure 1 (a) illustrates the structure of the proposed SOUP waveguide for mid-IR applications: a device consisting of a single crystalline Si core with an oxide pedestal as an undercladding. Crystalline Si is chosen as the light guiding material because of its broad mid-IR transmittance as well as its high refractive index in order to achieve substantial wave confinement. On the other hand, the undercladding is mostly an air gap with an oxide pedestal where both oxide and air have much lower refractive index compared to the Si waveguide core. Thus, a large refractive index contrast is obtained between the waveguide core and cladding and as a result the SOUP waveguide can efficiently prevent leakage of the guided mid-IR light into the high index Si substrate wafer. Furthermore, by replacing the mid-IR opaque oxide by air can significantly reduce the optical loss seen in SOI devices. The main structure parameters which determine the device performance include waveguide width w, waveguide height h, pedestal height s, notch width d and undercut radius r. For instance, the mode profiles and effective refractive indices depend on w and h. Likewise the propagation loss is mainly associated with s, d and r. To better visualize the refractive index profile of the proposed SOUP waveguide, the index map is drawn in Fig. 1(b) . The Si waveguide with index of 3.4 is defined from −1 µm to 1 µm along the y axis and from 0 µm to 2 µm along the z axis, which gives w = 2 µm and h = 2 µm, respectively. Two air hemispheres that serve as the etched areas of the oxide undercladding are centered at x = −1 and x = 1 with a radius r of 0.8 µm. Thus, the contact length between oxide pedestal and silicon waveguide, which we define as the notch width d, is 0.4 µm. Based on the designed structure shown in Fig. 1(b) , we use FEM method to calculate the corresponding mode profile and the result is shown in Fig.  1(c) . A clear fundamental mode is obtained within the upper Si waveguide core at a wavelength λ of 5 µm. Furthermore, there is only negligible mid-IR light observed in the surrounding air cladding or oxide pedestal because the refractive index contrast between Si and air/oxide is large. Thus, we show that our design of the mid-IR SOUP waveguide can efficiently guide long wavelength light in the Si core as well as minimize optical loss caused by the undercladding. To investigate the performance of the SOUP mid-IR waveguide, optical losses and effective refractive indices are calculated for different device geometries at λ = 5 µm. The waveguide structure is as shown in Fig. 1(b) with w = 2 µm and h = 2 µm, except the undercut radius r is gradually increased from 0 µm to 1.2 µm. The results of our simulations are shown in Fig. 2(a) , from which we see that the optical loss decreases notably from 9.5 dB/cm (at r = 0 µm) to 0.2 dB/cm (at r = 1 µm). We note that r = 0 µm indicates all oxide cladding remains and the Si waveguide is in full contact with the underlying oxide layer. On the other hand, at r = 1 µm the entire oxide undercladding is removed and there is no contact between the Si core and the oxide layer. Thus, the significant drop in optical loss as r increases is clearly attributed to the implementation of a pedestal structure where the undercladding mid-IR opaque oxide is replaced by air that has no mid-IR loss. Additionally, the effective refractive index of a waveguide with different undercut radius r is shown in Fig.  2 (b). Only a trivial variation of effective indices is seen with a change in r, leading to the conclusion that mid-IR light is well guided by the Si core after most of oxide cladding is replaced by air. Thus, we confirm that the SOUP waveguide is suitable for mid-IR operation and it overcomes the "lossy oxide" challenge of the SOI platform. Fig. 2 . (a) the optical loss shows a significant drop as r increases and can be attributed to the implementation of a pedestal structure where the undercladding mid-IR opaque oxide is replaced by air that has no mid-IR loss. and (b) the effective refractive index shows almost no change as a function of undercut radius r at λ = 5 µm. The waveguide structure has w = 2 µm and h = 2 µm. Mid-IR light is well guided by the Si core after most of the oxide cladding is replaced by air.
Mid-IR crystalline Si waveguide with silicon dioxide pedestal undercladding

Device design and simulation results of pedestal oxide waveguide
The performance of the SOUP waveguide is evaluated at different mid-IR wavelengths. Figure 3 (a) shows the mode profiles calculated at λ = 2 µm, λ = 4 µm and λ = 6 µm, where the structure used in the FEM simulation has parameters of w = 2 µm, h = 2 µm, r = 0.8 µm and d = 0.4 µm. At λ = 2 µm the intensity peak of the fundamental mode is aligned with the center of the Si core, and the evanescent waves are barely observed outside the waveguide edges. As the wavelength tunes to λ = 4 µm the mode expands because the wavelength increases and a dim evanescent wave starts to appear in the undercladding. Once the wavelength shifts to λ = 6 µm, the mode size grows and extends beyond the boundary between the waveguide and the undercladding. An evanescent wave is seen to extend beneath the waveguide into the undercladding as wavelength increases, and belies the importance of choice of undercladding material for low-loss performance. To better appreciate the advantages of our SOUP waveguide, Fig. 3(b) shows the optical loss improvement as a function of transmitted wavelength, where the improvement is defined as the decrease in waveguide loss before and after oxide pedestal formation. The loss improvement sharply increases from 0.1 dB/cm to 10 dB/cm as wavelength shifts from λ = 4 µm to λ = 5 µm because the absorption in silicon dioxide rises strongly after λ = 3.5 µm and the effect of oxide removal becomes critical for obtaining low loss mid-IR waveguides. The increasing trend of "optical loss improvement" continues even after λ = 5 µm. In addition, Si has negligible two photon absorption at longer wavelengths (λ > 2.2 µm). On the other hand, at a short wavelength of λ < 3.5 µm, the loss improvement is minor because silicon dioxide has a high transparency within this spectral region and so there is no significant advantage to etching the oxide undercladding to form a pedestal. The effective refractive index, n eff , of the mid-IR pedestal waveguide is calculated for the mid-IR spectral range and the result is shown in Fig. 3(c) . We see a drop in n eff from 3.4 to 2.6 as the wavelength shifts from λ = 2.5 µm to λ = 7.5 µm. This decrease is attributed to the expansion of the evanescent wave into the air cladding as the wavelength increases, thereby underscoring the importance of etching out the mid-IR opaque oxide for long wavelength operation. 
Fabrication and characterization of the SOUP waveguide
To fabricate the SOUP structure a multistep process consisting of dry/wet etching is used. The detailed fabrication scheme is shown in Fig. 4(a) . At Step (i) waveguide patterns are generated on an SOI wafer via conventional photolithography. At Step (ii) the patterns are transferred into the top Si layer with an inductively coupled plasma reactive ion etching (ICP-RIE) process. At Step (iii) the photoresist used for pattern generation is removed by acetone and plasma cleaning. At Step (iv) undercut of oxide cladding is performed by isotropic buffered oxide etch (BOE). The fabricated mid-IR waveguides were inspected by SEM and an image is shown in Fig. 4(b) . The sample is tilted at 54° during microscopy to improve the cross sectional image. From Fig. 4(b) , the waveguide surface, edge and facet is seen to be smooth and crack-free. In addition, the undercut oxide successfully supports the upper Si core and the structure parameters are obtained as w = 3 µm, h = 2 µm, r = 1.8 µm and d = 0.5 µm. The chosen of 3 µm wide Si waveguide is to prevent over etching of undercut oxide. To experimentally evaluate the performance of the SOUP waveguides we set up a mid-IR test platform as illustrated in Fig. 5(a) . The light source used is a pulsed laser with 150 mW average power and a pulse repetition rate of 150 kHz. The laser wavelength is tunable from λ = 2.4 μm to λ = 3.7 μm with a line width of 3 cm −1 . Using a reflective lens the probe light is first collimated into a 9 µm core and 125 μm cladding fluoride fiber. Alignment between the optical fiber and the waveguide is achieved using high precision positioning stages with 0.02 μm sensitivity. This fine adjustment is monitored by an upper microscope equipped with a long working-distance objective. The mid-IR signals from the waveguides are focused by a calcium fluoride bi-convex lens with 25 mm focal length and then imaged by liquid nitrogen cooled 320 x 256 pixel InSb camera. The mode of the SOUP waveguide is captured by the mid-IR camera at λ = 3.7 µm and depicted in Fig. 5(b) . The intensity profile across the x axis is shown in Fig. 5(c) . A sharp fundamental mode is clearly resolved and no scattering or distortion is seen which indicates that the mid-IR light is well confined inside the SOUP waveguide as predicted by the FEM simulation. In addition, the fundamental mode remains the dominant mode within the wide spectral range and the low optical loss of crystalline Si is confirmed by Fourier transform infrared spectroscopy (FTIR) measurements indicating that the undercut SOUP waveguides are suitable for broadband mid-IR planar devices. 
CMOS compatible mid-IR chalcogenide glass waveguides with integrated PbTe detectors
Performance of PbTe thin film photoconductors
A systematic investigation of the structural, electrical, and optical properties of polycrystalline PbTe films, essential for device design and performance, has been conducted previously [31] . Thin films evaporated on different substrates were demonstrated to be stoichiometric, single fcc phase (rock salt structure), polycrystalline with (200) texture, with RMS surface roughness of 14-16 nm and grain sizes on the order of 50-100 nm. Electrical characterization of evaporated films shows thermally activated p-type conduction with a mobility of 53 cm 2 /V.s and a room temperature carrier concentration of 2.1 × 10 17 cm −3 . The direct optical band gap of 0.386 eV is higher than the bulk value of 0.31 eV, likely due to quantum confinement effects. Sub-band gap absorption was observed between 0.2 and 0.4 eV, attributed to defect states due to the polycrystalline nature of the PbTe films. Figure 6 shows the photoresponsivity of polycrystalline PbTe films of different thicknesses at room temperature and at thermoelectrically-cooled temperatures (−60°C or 213 K). We have found that a 100 nm thick PbTe detector layer exhibits high photoresponsivity (25 V/W) in the 3-4 µm wavelength range of interest under a bias current of 0.1 mA at −60°C; the responsivity is between 1.2 to 3.5 times larger than a 200 nm film, pointing to a dependence of responsivity on film thickness. This thickness dependence of responsivity can be explained by the number modulation theory [32, 33] which attributes the source of photoconductivity in lead chalcogenide materials to a change in the carrier concentration rather than a change in carrier mobility. 
Enhancing quantum efficiency and enabling multi-spectral detection via resonant cavity structures
Since PbTe is a direct bandgap material, we can define the quantum efficiency (QE) as the fraction of incident radiation absorbed assuming all incident photons generate electron-hole pairs. Although we find that the responsivity of our PbTe thin film increases with decreasing thickness, the QE actually decreases with decreasing film thickness. The disparity in QE is low at shorter wavelengths due to the higher absorption coefficient of PbTe at these wavelengths but it is much larger in the 3-4 µm wavelength range where thicker films allow more of the light to be absorbed.
As the responsivity is directly proportional to the QE and inversely proportional to the square of the thickness, attempting to increase the quantum efficiency while simultaneously decreasing film thickness can yield significant increases in responsivity. Further, since the detector noise scales with the square root of the active material volume, thinner films will lead to a higher signal-to-noise (SNR) ratio. Thus, to enhance the QE of our PbTe thin films, we have developed resonant cavity structures that enable higher absorption even as film thickness is decreased. As shown in Fig. 7 , the resonant cavity enhanced (RCE) design consists of a thin layer of PbTe sandwiched between Distributed Bragg Reflector (DBR) stacks made up of alternating layers of arsenic sulfide (As 2 S 3 ) and germanium (Ge) that are both transparent in the mid-IR [28, 31] . Thermally evaporated As 2 S 3 serves as the low index material while sputtered germanium is the high index material, yielding a high refractive index contrast stack. Both materials can be deposited layer by layer within a single vacuum deposition chamber without breaking vacuum. By designing the DBR stacks to achieve critical coupling at the resonant wavelength, we can obtain near unity QE. Our experimental results show that a peak responsivity as high as 800 V/W can be obtained at −55°C under a bias current of 0.06 mA at a wavelength of about 3.4 µm for a 400 µm x 400 µm RCE photodetector with a 100 nm thick PbTe absorbing layer. Smaller detector widths should lead to further improvements as the responsivity scales inversely with the square of the width. Multispectral IR detection is an important feature necessary in several applications such as hyperspectral imaging, spectroscopy, and target identification. We can design an RCE structure involving a multilayer cascaded cavity where each wavelength to be detected leads to a unique resonant cavity mode and has a dedicated, spectrally selective absorbing active layer. By using multiple cavities, spectral cross-talk can be reduced and the electrical signal can be read separately for each absorbing layer. We have designed and fabricated a two-color multispectral detector on a silicon substrate operating at 1.61 µm and 3.7 µm with peak quantum efficiencies as high as 0.92 and 0.68 respectively. Figure 8 shows a schematic illustration of a lab-on-a-chip sensor system that combines a light source, sensing elements, a detector, and read-out circuitry on a monolithic silicon platform. We use Chalcogenide glasses (ChGs) as waveguides for this system. ChGs are inorganic, amorphous compounds of chalcogen elements (sulfur, selenium, and/or tellurium) with other metal or non-metal elements, and have been recognized as a material of choice for infrared (IR) applications such as chemical and biological sensing due to their wide optical transparency in the mid-and far-infrared wavelength regions. ChGs exhibit tunable optical properties through doping and/or compositional tailoring and a Si-CMOS-backendcompatible process can be used to fabricate planar devices. Monolithic integration of elements such as a light source, sensor element, detector, and read-out circuitry on to a silicon platform enables low cost, high sensitivity detection in a small footprint. Further, the reduction of device footprints can lead to their use in remotely deployable arrays of integrated mid-IR sensor devices. Fig. 8 . Schematic of a mid-IR lab-on-a-chip sensor system that combines a light source, sensing elements, a detector, and read-out circuitry on a monolithic silicon platform. The functionalization layer adds specificity to the sensor response for greater accuracy in analyte recognition.
Integrating PbTe detectors with chalcogenide glass waveguides for lab-on-a-chip sensing applications
Design of ChG waveguides (As 2 Se 3 ) integrated with mid-IR PbTe detectors
Our approach to an integrated sensor design uses vertical evanescent coupling from ChG waveguides (As 2 Se 3 ) into mid-IR PbTe detectors. An inherent challenge is the large index difference between As 2 Se 3 (n = 2.75) and PbTe (n = 5.2) which is addressed by the introduction of a low index spacer layer between the waveguide and detector to minimize modal mismatch and Fresnel reflection. This significantly increases the absorption length in the detector compared to a similar structure without a spacer. Evanescently-coupled detectors using hybrid integration of III-V detectors for 2.2-2.3 μm detection and monolithically integrated Ge detectors for telecom wavelengths have been demonstrated [34, 35] .We propose a ChG waveguide monolithically integrated with an MWIR PbTe detector. Figure 9 (a) shows the layout of the evanescently coupled detector and Fig. 9 (b) shows a cross section of the detector waveguide system. The As 2 Se 3 waveguide is designed for single mode operation at 3.2 μm and the GeSbS glass (n = 2.1) undercladding prevents leakage into the silicon substrate. The spacer (nominally n = 1.5) in Fig. 4 covers the entire sample, with the PbTe extending laterally beyond the waveguide. Although the PbTe-based detectors presented in Section 3.1 and 3.2 show highest responsivities when cooled to about −60°C, it is possible to use them at room temperature with a corresponding decrease in the peak responsivity. For the waveguide-integrated design presented in this section, it is feasible to envision the lab-on-chip structure being placed on top of a thermo-electric cooler (TEC) to ensure that the photoresponsivity of the PbTe is optimized. Of course, this may necessitate slight modifications to our proposed design to account for a change in the refractive index due to the thermo-optic effect but keeping a stable temperature also benefits the sensor device as we can eliminate shifts in resonant peak positions caused by temperature fluctuations. Figure 10 illustrates the role of the spacer layer in our integrated design; Fig. 10(a) shows the field distribution with the PbTe placed directly on top of the waveguide while Fig. 10(b) demonstrates the effect of adding the spacer layer shown in Fig. 9 . In the absence of a spacer layer, the incident power is concentrated in the first 10 µm and such a design is undesirable due to high Fresnel reflection arising from the large refractive index contrast between the waveguide and detector. With the addition of the spacer layer, we can extend the distance over which the field is distributed because the spacer modifies the effective index such that the waveguide-detector mode survives longer and the field distribution is more uniform. The inset in Fig. 10(b) shows the cross-sectional profile of the waveguide-detector mode.
Simulation of mid-IR integrated PbTe planar detectors
Assuming that lifetime and current applied are held constant in the PbTe layer, 3D finitedifference time-domain (FDTD) simulations demonstrate the effects of changing detector dimensions on the quantum efficiency (QE). Figure 11 (a) shows that as the width of the PbTe layer is increased, more light couples into the system, thus increasing the QE. However, the thickness of the detector sets the maximum QE of the system as seen in Fig. 11 (b) , where the QE increases with detector thickness up to 90-100 nm. The likelihood of absorption is higher for a thicker film as it contains more of the evanescently coupled mode but with films thicker than 100 nm, the QE decreases due to increased reflection arising from the larger refractive index of PbTe. If the detector layer is too thin, an insufficient amount of light is absorbed which leads to lower QE. Since we demonstrated that a 100 nm thick film of PbTe exhibited the highest responsivity (Fig. 6) , 90-100 nm is chosen as the ideal thickness for our integrated design. The length of the detector (distance between electrical contacts) also affects the SNR. Although a shorter detector will improve the SNR, the metal contacts have to be placed closer to the waveguide and parasitic absorption losses from the contacts can negatively impact the QE. From FDTD simulations we have found that a minimum separation of approximately 750 nm between the waveguide edges and the metal contacts is required to limit the reduction in QE to less than 5%. Fig. 11. (a) The relation between QE and the detector width at various detector thicknesses shows higher QE with increasing detector width as more light couples into the system. (b) The relation between the QE and the detector thickness at various detector widths shows that increasing the detector thickness increases the QE as more of the propagating mode is contained in the detector layer. However, increasing the thickness beyond 90-100 nm increases the effective index to an extent that reduces QE.
Thus far, we have used a nominal refractive index of 1.5 for the spacer in our integrated detector simulations. To successfully translate the theoretical design to a working device, an appropriate spacer layer material has to be identified. The material has to meet the two key requirements of (a) transparency in the mid-IR and (b) ease of deposition. Given our target wavelengths in the 3-5 µm wavelength band, several commonly used polymers such as poly (methyl methacrylate -PMMA) which exhibit C-H bond absorption around 3.4 µm are unsuitable. Some that do meet the first criterion (e.g., Teflon) are hard to reliably deposit. Spin-coated fluorinated and deuterated polymers where the C-H bonds are replaced by C-F and C-D bonds respectively, present viable solutions as the absorption is pushed away from the 3.4 µm region [36, 37] . Inorganic compounds such as Al 2 O 3 and alkali halides are also suitable materials due to their mid-IR transparency although the latter is harder to deposit. Although SiO 2 has high absorption beyond λ = 3.5 µm, we can still use it as a spacer layer material for shorter wavelengths.
Fabrication of mid-IR integrated PbTe planar detectors
Fabrication of the integrated detector structure has relied on the demonstrated processing expertise in fabricating ChG-based waveguide and resonator structures as well as PbTe-based detectors. As shown in Fig. 12 the process flow for the detector begins with a pre-fabricated As 2 Se 3 waveguide/resonator structure according to the scheme presented in H. Lin et al [38] . The first additional step is to deposit the spacer layer material, on which a layer of negative photoresist is coated for contact photolithography to define patterns for the PbTe detector layer. An alignment process ensures that the PbTe structures will be well-aligned to the waveguides underneath the spacer. Following the lithography, single-source thermal evaporation of PbTe and a lift-off process in acetone, removes the photoresist leaving behind only the required PbTe structures. A final photolithography step is performed for the metal contacts. As in the PbTe lithography step, an alignment procedure is required to ensure that the metal contacts are placed accurately on top of the PbTe structures. The metal contacts are deposited using electron beam evaporation followed by resist lift off in acetone (with ultrasonication). We used plasma-enhanced chemical vapor deposition (PECVD) to deposit SiO 2 as the spacer layer for an initial target wavelength of 3.2 µm. Using our optimized design we successfully fabricated a prototype ChG waveguideintegrated PbTe detector (Fig. 13) . Good alignment of the layers is seen with no postfabrication discontinuities or cracks in either the metal or the underlying waveguide. The fully fabricated integrated detector structure is currently being tested to evaluate real world performance. The experimentally measured device performance will be compared with (a) the expected performance from simulations described above, as well as with (b) experimental measurements from thin photoconducting PbTe films at room temperature and at −60°C. 
Conclusions
In conclusion, we demonstrate an integrated mid-IR microphotonics platform utilizing Si-CMOS compatible materials and fabrication processes. Using an engineered pedestal structure, our SOUP waveguide minimizes loss from the mid-IR absorptive silicon dioxide undercladding, and offers a 10 dB/cm improvement in optical loss for λ > 5 µm. The waveguide is crack-free with smooth sidewalls even after a multi-step dry/wet etching process, hence minimizing undesired scattering. Furthermore, a sharp fundamental mode is experimentally measured over a broad mid-IR regime. Finally, we introduce a monolithic ChGs waveguide-integrated PbTe thin film detector. The quantum efficiency of PbTe as a detector is optimized using appropriate thin film processing and geometry as well as by inserting a suitable spacer between the waveguide and PbTe layer. With the advantages of CMOS-process compatibility and on-chip mid-IR microphotonics, important applications such as portable and label free on-chip biochemical sensors are enabled.
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